Three proteinases which digest hemoglobin rapidly at acid pH (3.5 to 4.5) were identified in crude extracts of soybean (Meff.) leaves and separated by chromatography on DEAE-cellulose. All three enzymes were endopeptidases as judged by the ratio of a-amino-nitrogen plus peptide nitrogen over a-amino-nitrogen in the trichloroacetic acid-soluble portion of hemoglobin digests. Proteinase I did not bind to diethylaminoethyl cellulose and was not inhibited by any of the proteinase inhibitors tested. Proteinase II was partially inhibited by phenylmethylsulfonyl fluoride, Nethylmaleimide, and p-chloromercuribenzoate. The inhibition by phenylmethylsulfonyl fluoride can probably be accounted for by the presence of contaminating carboxypeptidase. Proteinase III was the most anionic of the three and required the presence of sulfhydryl reagents to prevent the irreversible loss of activity. All the proteinase preparations digested soybean ribulose bisphosphate carboxylase as shown by the disappearance of the large subunit of that protein, when partially digested preparations were subjected to electrophoresis in sodium dodecyl sulfate-polyacrylamide gels.
A number of studies have been made in recent years to elucidate the control of leaf protein catabolism associated with leaf senescence and seed formation (4, 7, 10, 22) . Most efforts have been directed towards finding out whether there are "senescence-specific" proteinases, i.e. proteinases which increase in activity at the time of leaf senescence. The discovery of such proteinases would provide a starting point for further investigation of leaf protein catabolism during senescence. Some investigators have provided evidence that leaf proteinases increase in activity at the time of leaf senescence (4, 7, 22) , whereas others could find no such temporal correlation (1, 14, 17) . These 3 To whom reprint requests should be addressed.
another one (e.g. hemoglobin).
The leaves of many plants contain proteinases which are maximally active between pH 3.5 and 5.5 and are capable of digesting animal proteins, such as casein, Azocoll, or hemoglobin (6) (7) (8) , as well as plant proteins, such as RuBPCase4 (11, 12, 21, 22) . Indirect evidence indicates that such acid proteinases may play an important role in protein breakdown during leaf sensecence (4, 7, 21, 22) . Peoples et al. (12) showed that there is a correlation between the activity of such acid proteinases, which digest hemoglobin as well as RuBPCase and the rate of loss of protein-nitrogen from the same vegetative organs of wheat.
We have examined some proteinases with basic pH optima present in soybean leaves (14) and here describe three acid proteinases which digest both hemoglobin and RuBPCase. One of them increases markedly in activity when the leaves reach maturity, but none fits into the category of "senescence-specific" proteases.
MATERIALS AND METHODS
Plant Material. Soybeans [Glycine max (L.) Merr. cv. Steele] were grown in pots in the greenhouse without supplemental lighting in La Jolla, CA. Prior to planting, the seeds were treated with Nitragin Rhizobium inoculum. Leaf samples were collected as needed from the third, fourth, or fifth trifoliate node, kept on ice, and transported to the laboratory. Leaf samples for long-term developmental studies were kept at -20 C after harvest. For the biochemical characterization experiments, leaves defined as young are those which have just expanded, those defined as mature are at least 2 weeks past full expansion, and those defined as senescent show the first signs of yellowing.
Extraction. Leaves were cut into small pieces and homogenized in a Polytron homogenizer (Kinematica, Luzern, Switzerland), for 90 to 120 s at 3 C in 4 volumes extraction medium. The extraction medium consisted of 50 mm K-phosphate (pH 7.5) with 1% insoluble PVP (Sigma) and 20 mm sodium metabisulfite. The homogenate was filtered through four layers of cheesecloth and centrifuged for 10 min at 12,000g. The supernatant was dialyzed against 25 mm K-phosphate (pH 7.5) for 3 to 5 h. The dialyzed supernatant was used for protein and enzyme assays. Protein and Chl levels were determined as described (14) .
Proteinase 7 .0 to 9.5). The partially digested samples were precipitated with trichloroacetic acid (final concentration, 7.5%), and the precipitated polypeptides were separated by SDSpolyacrylamide gel electrophoresis as described.
To obtain purified RuBPCase, mature soybean leaves were homogenized in 25 mm Hepes buffer (pH 7.5) containing 1 mm EDTA and 4 mM DTT. The homogenate was centrifuged for 20 min at 27,000g and a l-ml aliquot was loaded on a linear sucrose gradient (5-25% w/w in the same buffer). The gradients were centrifuged for 17 h at 150,000g and collected. The large peak near the bottom of the gradient was collected and consisted entirely of RuBPCase; it was judged to be free of contaminating proteins by SDS-polyacrylamide gel electrophoresis.
RESULTS
Separation and Characterizations of Hemoglobin-digesting Enzymes. Crude extracts of soybean leaves clarified by centrifugation contain proteinase(s) which digest hemoglobin over a wide pH range (Fig. 1) cellulose. Clarified leaf extract was loaded on a DEAE-cellulose column (20 x 1.5 cm) equilibrated with 25 mM K-phosphate (pH 7.5) containing 2 mm 2-mercaptoethanol. The column was washed with 100 ml equilibration buffer and then eluted with a gradient of 0 to 0.7 M KCI. Fractions were collected and assayed for protein and hemoglobin-digesting activity at pH 4.5.
5 and a second one at pH 7.5. A similar pH curve was obtained whether extracts of mature or senescent leaves were used. The higher activity in the acid pH range (4.0 to 5.0) and the observation that the incubation of leaf extracts in this pH range causes the rapid hydrolysis of the LS of RuBPCase (15) led us to examine the acid hemoglobinases further. All subsequent assays for hemoglobinase activity were carried out at pH 4.0 or 4.5.
The proteins present in crude extracts clarified by centrifugation were fractionated by chromatography on DEAE-cellulose and three peaks of hemoglobin-digesting activity were obtained (Fig.  2) . Proteinase I eluted with the unabsorbed proteins, proteinase II eluted in the same region of the gradient as carboxypeptidase and aminopeptidase (data not shown here, but see Fig. 4 captoethanol in the elution buffer. Omission of the mercaptoethanol resulted in very low (less than 20%) activity of proteinase III, but there was no change in proteinases I and II (data not shown). Subsequent addition of mercaptoethanol to the column fractions prior to assaying did not restore the activity of proteinase III, indicating that proteinase activity has been irreversibly lost. Overnight dialysis at 4 C of the fractions containing proteinase III against a buffer containing less than 2 mm mercaptoethanol also resulted in an irreversible loss of activity.
The pH optima for the three proteinases were determined separately with hemoglobin as a standard (Fig. 3) . The data show that all three enzymes are most active at pH 4.0, and subsequent assays were done at this pH. Proteinase III has considerable activity at pH 5.5 to 6.5 or is contaminated with another proteinase active in that range.
Since proteinase II was known to be contaminated with carboxypeptidase and aminopeptidase, we assessed the contributions of exo-and endopeptidases to the measured activity for all three proteinases. This was done by determining the ratio of a-amino-N plus peptide-N to a-amino-N in the trichloroacetic acid supernatant of the partially digested hemoglobin. We obtained ratios of 9.3, 3.7, and 6.6 for proteinases I, II, -and III, respectively. These data indicate that the activities in peaks I and III are due largely to endopeptidase, whereas some of the activity in peak II may be due to exopeptidase, probably carboxypeptidase. Indeed, carboxypeptidase has a pH optimum of 5.0 and is quite active at pH 4.0, whereas aminopeptidase (assayed with leucyl p-nitroanilide as substrate) showed essentially no activity at pH 4.0 (data not shown).
The sensitivity of the three proteinases to inhibitors of proteinase activity differed (Table I) Proteinase III, which lost most activity upon prolonged dialysis in the absence of 2-mercaptoethanol was inhibited 73% by 0.5 mm NEM.
Temporal Changes during Leaf Development. To establish the developmental patterns of these three enzymes during leaf ontogeny, we measured temporal changes in total Chl, total protein, and hemoglobin-digesting activity in crude extracts of the third trifoliate leaf of greenhouse-grown plants (Fig. 4A) . The first time point (50 days after planting) represents half-expanded leaves and the last time point (110 days after planting) represents yellowed leaves. Chl and protein/leaf increased 2-and 4-fold, respectively, to maxima reached about 75 days after planting and declined subsequently. Total hemoglobin-digesting activity/leaf increased 3-fold as the leaves reached maturity and then declined. Activity remained relatively high during the time the leaves senesced and lost protein, resulting in a high specific activity during the last stages of senescence (Fig. 4B) . The experiment was repeated with field-grown plants (cv. Williams, grown at the Agronomy Farm of the University of Illinois, Urbana, IL) and essentially the same results were obtained. For that experiment, we used the ninth trifoliate leaf and observed the same pattern of change, although the absolute values for Chl, protein, and hemoglobin-digesting activity were 2 to 3 times higher/leaf.
Temporal changes in proteinases I, II, and III were determined by subjecting dialyzed leaf extracts to fractionation with DEAEcellulose. Three developmental stages were chosen for both the greenhouse-and field-grown materials: half-expanded, mature, and yellowing. The same results were obtained with greenhouseand field-grown materials and, again, only the results for greenhouse-grown material are reported (Fig. 5) . The results clearly show that proteinase I is the predominant enzyme in half-expanded leaves (Fig. SA) and that these leaves have very little proteinase III. The accumulation of proteinase III in the leaves is associated with maturity (Fig. 5B) ; all proteinases decline in activity during senescence (Fig. 5C ), but the proteinase pattern of senescent leaves resembles that of mature leaves.
To find out if the three proteinases could degrade native RuBPCase, we purified RuBPCase from soybean leaves, incubated it in the presence of the partially purified proteinases, and separated the products by SDS-polyacrylamide gel electrophoresis. The decrease in staining intensity of the large subunit of RuBPCase was taken as measure of RuBPCase digestion (15, 18) . Figure 2 . All leaves were third trifoliate leaves harvested 48 days after planting (young, half-expanded), 74 days after planting (mature) and 88 days after planting (senescent, yellowing). content; and B, hemoglobin-digesting activity per leaf (Q-O) and specific activity ( -) in crude extracts of the third trifoliate leaf of greenhouse-grown soybeans. Hemoglobin digesting activity is expressed as ,umol leucine/ml * h and specific activity is expressed as ,umol/mg protein h.
at pH 3.5 to 4.5 (Fig. 6) (14) , we described two Azocoll-digesting enzymes which are most active in the basic pH range (pH 9.0). Here, we report on the presence of three acid proteinases which digest both hemoglobin and RuBPCase most rapidly around pH 3.5 to 4.5. Such acid proteinases have also been found in the leaves of wheat (8, 12, (5, 10) , and corn (7) .
Chromatography on DEAE-cellulose partially purified the three proteinases. Proteinase I was not bound to the column and eluted with the Azocoll-digesting proteinases described earlier (14) . It can be distinguished from the latter by its pH optimum and sensitivity to EDTA. The major Azocoll-digesting proteinase is totally inhibited by 3 mm EDTA, whereas the hemoglobin-digesting proteinase I is unaffected by it or any other inhibitor tried. Its endopeptidase character is verified by the high ratio of a-amino-N plus peptide-N to a-amino-N in the trichloroacetic acid soluble hydrolysis products and by the breakdown ofthe LS of RuBPCase.
Proteinase II eluted from the DEAE in the same region as the two exopeptidases leucine aminopeptidase and carboxypeptidase. Partial inhibition of the activity by PMSF and a low ratio of aamino-N + peptide-N to a-amino-N in the trichloroacetic acid soluble hydrolysis products indicated that the observed activity at pH 4.0 was due in part to the presence of carboxypeptidase. Carboxypeptidase from leaves of different plants (13, 20) and from soybean leaves (L. Ragster, unpublished) is inhibited by PMSF, whereas aminopeptidase had no activity at pH 4 
